EO. Atrial natriuretic peptide attenuates agonist induced pulmonary edema in mice with targeted disruption of the gene for natriuretic peptide receptor-A.
ATRIAL (ANP) AND BRAIN NATRIURETIC peptide (BNP) are part of a family of proteins that have myriad effects on cardiovascular homeostasis, including natriuresis, antagonism of the reninangiotensin system, and inhibition of vascular smooth muscle tone (44) . These effects serve to limit intravascular fluid accumulation and protect against elevation in ventricular filling volume and systemic arterial pressure (8) . ANP has also been shown to cause an acute decrease in plasma volume that is maintained even in nephrectomized animals and is associated with an increase in transluminal movement of fluid and albumin into the interstitial space (1, 12, 48) .
Most of the biological effects of the natriuretic peptides are mediated by binding to one of three natriuretic peptide receptors (NPR) (41) . NPR-A and NPR-B are membrane-bound guanylate cyclase-linked receptors that mediate most of the known biological effects of the natriuretic peptides by increasing intracellular cGMP synthesis in response to ligand binding. The binding affinities of ANP and BNP for NPR-A are nearly three orders of magnitude greater than they are for NPR-B. The reverse is true for C-type natriuretic peptide (28) . A third receptor, NPR-C, has similar binding affinity for all three peptides, but does not possess a guanylate cyclase domain, and was initially thought to act primarily as a clearance receptor (32) . However, subsequent studies have shown that NPR-C is capable of inhibiting adenylate cyclase via a G-inhibitory protein coupled receptor (G i ) and activating phospholipase C, suggesting that NPR-C is capable of mediating unique effects of the natriuretic peptides by non-guanylate cyclase-linked pathways (2, 36) .
NPR-A knockout mice have elevated circulating plasma volumes, cardiac hypertrophy, and systemic hypertension (37) . Targeted deletion of NPR-A to vascular endothelial cells resulted in normal vasodilatory responses to ANP, but a similar degree of systemic hypertension and cardiac hypertrophy as seen in nonselective models of NPR-A knockout mice (42) . These findings suggest that ANP modulates vascular pressure and volume via its effects on vascular permeability, as opposed to its diuretic or vasodilatory effects.
In contrast to the systemic circulation, ANP does not appear to increase permeability in the lung and paradoxically inhibits increases in both systemic and pulmonary vascular permeability caused by a variety of agonists. For example, ANP blunts the permeability of systemic and pulmonary vascular endothelial cell (PVEC) monolayers to thrombin, vascular endothelial growth factor, H 2 O 2 , hypoxia, tumor necrosis factor-␣, and lipopolysaccharide (LPS) (3a, 7, 22, 39, 43, 49) . Infusion of ANP reduces agonist-induced lung edema in isolated lungs (19, 20) and oxidant-induced lung injury in intact animals (31) . ANP has also been shown to improve oxygenation and lung injury score in humans with high-altitude pulmonary edema or acute respiratory distress syndrome (ARDS) (34, 46) . Studies showing that agonist-induced pulmonary edema formation is worse in response to ANP-specific antibodies and in ANP knockout mice suggest a physiological role for ANP in protecting against acute lung injury (5, 21, 45) . Although the effect of ANP on pulmonary edema in vivo may be due in part to a reduction in plasma volume or vascular tone, its ability to mitigate agonist-induced increases in the permeability of PVEC monolayers and isolated perfused lungs suggests that ANP has a direct effect on enhancement of pulmonary endothelial barrier function. This hypothesis is supported by the observation that ANP has a greater inhibitory effect on oleic acid-induced lung edema in dogs than diuretics, despite a similar degree of diuresis and reduction in pulmonary arterial pressure (33) .
The signal transduction pathways that mediate the protective effect of ANP on acute lung injury are not well understood. Considering that most biological effects of ANP are mediated by cGMP (40, 41) and that the inhibitory effect of ANP on permeability can be mimicked by cGMP administration (10, 35, 43, 46) , we hypothesized that ANP mitigates pulmonary edema formation via NPR-A. To test this hypothesis, we examined the effect of agonist-induced lung injury in mice with normal and disrupted NPR-A expression and the ability of ANP to protect against acute lung injury in these mice and against barrier dysfunction in PVECs isolated from these animals.
METHODS

Animals.
All animal housing and experiments were conducted in accordance with protocols approved by the Providence Veterans Affairs Medical Center Institutional Animal Care and Use Committee. Heterozygous breeding pairs of mice with gene-targeted disruption of Npr1 were obtained from Jackson Laboratories (Bar Harbor, ME).
Thrombin receptor agonist peptide-induced lung injury. Mice were anesthetized, and the external jugular vein was catheterized. Mice were given 100 l of saline vehicle or 2-10 g/kg ANP in 100 l of saline intravenously (iv), followed 30 min later by 100 l of thrombin receptor agonist peptide (TRAP) (4 mg/kg iv) or saline vehicle. Mice were killed 30 min later, and blood, heart, lungs, and kidneys were collected for analysis.
LPS-induced lung injury. Mice were anesthetized and given LPS (2.5 mg/kg) or an equal volume of saline vehicle by intratracheal installation. Four hours later, animals either underwent bronchoalveolar lavage or were euthanized for blood and organ collection.
Measurement of lung injury. For measurement of standard lung wet-to-dry (W/D) weight ratio, lungs were removed, blotted free of excess fluid, and weighed immediately (wet weight) and then again after drying at 90°C for 48 h. Bloodless W/D weight ratios were obtained by measuring hemoglobin concentration of blood and lung homogenate supernatant and then calculating the blood volume (Q B) and water volume (QW) of the lung as previously described (13) . Briefly, we measured the water fraction in the lung homogenate (WF H), the supernatant of the homogenate (WFS), and the blood (WFB) by (Wwet Ϫ Wdry)/Wwet, where Wwet and Wdry are wet and dry weight, respectively. We then measured QB of the lung by:
where 1.039 is the density of blood, Q H is the weight of the lung homogenate, HbS is the hemoglobin concentration of supernatant of lung homogenate, and HbB is the hemoglobin concentration of blood. QW of the lung was obtained by:
where Ww is the weight of the distilled water added when the lung is homogenized. QW was then divided by the calculated lung dry weight (lung wet weight Ϫ QB Ϫ QW) to obtain bloodless W/D weight ratios. Bronchoalveolar lavage (BAL) fluid was collected from anesthetized, tracheotomized mice using 600 l of 1ϫ PBS. Cell counts were obtained using a standard hemocytometer at ϫ10 magnification. Protein concentration of the BAL fluid was measured using a modified Bradford assay at an absorbance at 750 nm. Measurement of endothelial monolayer permeability. Endothelial monolayer permeability was assayed by measurement of transendothelial electrical resistance (TER) using electrical cell impedance sensing (Applied Biophysics, Troy, NY), as previously described (25) . The TER was measured in Ohms every 1.12 min, and a baseline TER was established for 1 h before addition of ANP (1 mol/l) or vehicle. Thirty minutes later, cells were treated with ANP plus vehicle, thrombin (2 U/ml) plus vehicle, or thrombin plus ANP. Thrombin-induced fall in TER was defined as the difference between the last TER measured before addition of thrombin and the lowest TER measured after addition of thrombin and occurred between 3 and 12 min after addition of thrombin. Thrombin-induced fall in TER was normalized by dividing the resistance in Ohms at any given point by the resistance in Ohms at the last time point measured immediately before the addition of thrombin. The effect of ANP was expressed as a percentage of thrombin-induced fall in TER in the absence of ANP or the difference in Ohms.
Statistical analysis. Differences in mean values of lung W/D weight and BAL fluid protein and cell concentration between experimental groups were compared by two-way ANOVA. Where significant differences were found, multiple pairwise comparisons were done using the Tukey test. For changes in lung W/D weight in mice given ANP or cANF, mean and 95% confidence intervals for W/D ratios were calculated and compared between groups using a generalized linear mixed model. Lung W/D weight was treated as a random effect within animal, with genotype, ANP, or cANF (yes/no), and TRAP or LPS (yes/no) treated as factorial fixed effects, including main and all twoand three-way interactions, and covarying for the animal's live weight to remove variability in lung size attributable to overall size. Individual group estimates and comparisons were carried out using orthogonal linear estimates based on the model parameters. Alpha was maintained at 0.05 across all comparisons using the Holm test to adjust the individual P values resulting from comparisons. Differences in plasma ANP levels and TER were assessed using t-test. Differences in BAL fluid protein and cell counts between LPS-treated mice given saline and LPS-treated mice given ANP or cANF were assessed using t-test. Differences were considered statistically significant at P Յ 0.05. Values shown are means Ϯ SD.
RESULTS
Characterization of disrupted NPR-A signaling.
Expression of Npr1, the gene that encodes for NPR-A, was demonstrated in the lung, kidney, and PMVEC from NPR-Aϩ/ϩ, but not NPR-AϪ/Ϫ, mice (Fig. 1A) . Transcript levels of NPR-B and NPR-C did not differ appreciably between NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice (Fig. 1A) . Previously reported phenotypic differences in cardiac mass (37) were also observed between NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice (Fig. 1B) . Functionality of NPR-A in knockout mice was assessed by examining cGMP response to ANP. ANP produced a dose-dependent increase in intracellular cGMP concentration in PMVECs isolated from NPR-Aϩ/ϩ but not NPR-AϪ/Ϫ mice (Fig. 2) . ANP had no appreciable effect on intracellular cAMP in PMVEC isolated from mice of either genotype (Fig. 2B) .
Effect of NPR-A expression on agonist-induced lung injury. No genotypic differences in lung W/D weight ratio were seen in mice treated with saline alone (Fig. 3, A and B) . Administration of TRAP significantly increased lung W/D weight ratio in NPR-AϪ/Ϫ mice. There was a trend toward an increase in lung W/D weight in NPR-Aϩ/ϩ or NPR-Aϩ/Ϫ mice given TRAP, but the difference was not statistically significant (Fig. 3A) .
To determine whether the effect of NPR-A genotype on lung W/D weight ratio was unique to thrombin-induced injury, we repeated the above experiments using an LPS model of acute lung injury. LPS increased lung W/D weight in all NPR-A genotypes, compared with saline vehicle (Fig. 3B) . As observed with TRAP administration, W/D weight ratio was greater in NPR-AϪ/Ϫ mice treated with LPS, than in NPR-Aϩ/ϩ or NPR-Aϩ/Ϫ mice (Fig. 3B ). There was a statistically significant interaction between NPR-A genotype and TRAP and NPR-A genotype and LPS on lung W/D weight ratio (P ϭ 0.018 and 0.001, respectively). To determine whether genotype-related differences in lung W/D weight response to TRAP or LPS were due to differences in lung blood volume, additional experiments were conducted using bloodless W/D weight ratios. Administration of TRAP increased bloodless W/D ratios in both genotypes, but the TRAP-induced increase in bloodless lung W/D ratios was no greater in NPR-AϪ/Ϫ mice than in NPRϩ/ϩ mice (Fig. 3C) . There was no significant interaction between NPR-A genotype and TRAP on bloodless lung W/D weight ratio.
Effect of NPR-A genotype on alveolar protein and cell concentration. To determine whether increases in lung W/D weight ratio were associated with increases in permeability to intravascular proteins and cells, we next examined the effect of NPR-A expression on LPS-induced changes in total protein and cell con- (Fig. 4B ). There was a significant interaction between genotype and LPS on cell count of BAL fluid (P ϭ 0.009).
Effect of ANP administration on agonist-induced lung injury.
To determine whether the protective effects of ANP on lung injury are mediated through NPR-A, we next examined the effect of ANP administration on TRAP-and LPS-induced increases in lung W/D weight in NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice. No genotypic differences in plasma ANP levels were seen at baseline. Bolus injection of ANP at doses of 2, 5, or 10 g/kg given 30 min before TRAP did not raise plasma ANP levels at the end of the experiment or protect against TRAPinduced increases in lung W/D weight ratio (data not shown). To maintain elevated circulating ANP levels throughout the study period, mice were given a continuous infusion of ANP (360 ng·kg Ϫ1 ·min Ϫ1 ) or equal volume of saline 30 min before TRAP or LPS and continuing for 30 min afterwards. Intravenous infusion of ANP resulted in an increase in plasma ANP levels, compared with saline infusion, in both the NPR-Aϩ/ϩ mice (202 Ϯ 42 vs. 303 Ϯ 169 pg/ml) and NPR-AϪ/Ϫ mice (199 Ϯ 46 vs. 392 Ϯ 168 pg/ml). Administration of TRAP ϩ ANP did not further increase plasma ANP levels. Compared with saline, infusion of ANP for 60 min had no effect on lung W/D weight in either NPR-A genotype (Fig. 5) . However, ANP infusion completely blocked TRAP-induced increases in lung W/D weight in both NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice (Fig. 5) . ANP infusion also blocked LPS-induced increases in lung W/D weight in NPR-Aϩ/ϩ mice. There was a trend toward an ANP inhibition of LPS-induced increase in lung W/D weight in NPR-AϪ/Ϫ mice, but the difference was not statistically significant (Fig. 5) . Infusion of ANP also decreased BAL fluid cell count and protein concentration in LPS-injured mice, and this effect was similar in NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice (Fig. 6, A and B, respectively) . To determine whether the protective effect of ANP on LPS-induced lung edema in NPR-A knockout mice was mediated by NPR-C, we repeated experiments using the NPR-C-specific ligand cANF. In both NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice, TRAP administration caused a significant increase in lung W/D weight when animals were pretreated with saline, but not when they were treated with intravenous infusion of cANF (Fig. 7) . Infusion of cANF also decreased BAL fluid cell counts and protein concentration following LPS-induced lung injury in both NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice (Fig. 8, A and B, respectively) .
Effect of ANP on thrombin-induced permeability of PMVEC. To examine the role of intact NPR-A signaling on endothelial barrier function, we isolated PMVECs from NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice. Baseline permeability, as assessed by measuring TER across PMVEC monolayers, was similar in PMVEC isolated from NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice (711 Ϯ 128 vs. 665 Ϯ 113 ⍀ for NPR-Aϩ/ϩ and NPR-AϪ/Ϫ cells, respectively; P ϭ 0.19). TER fell to a similar degree in response to thrombin (Fig. 9) . When the change in resistance in all experiments was normalized to TER at the time of thrombin administration, maximal TER response to thrombin in PMVECs treated with ANP was ϳ85% of that seen in cells treated with saline vehicle. This was true for PMVEC isolated from both NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice.
DISCUSSION
Numerous studies have demonstrated the ability of ANP and to a lesser extent, BNP, to protect against acute lung injury in intact animals subjected to a variety of lung injuries (3a, 7, 19, 20, 22, 31, 34, 39, 43, 47, 49) . As early as 1987, Inomata et al. (20) demonstrated that ANP could ameliorate pulmonary edema formation in isolated pig lungs exposed to arachidonic acid. They concluded that the protective effect of ANP was receptor mediated because the concentration of ANP needed to blunt edema formation was similar to the dissociation constant of ANP binding to lung homogenates. However, the receptor responsible for mediating the protective effect of ANP was not identified, and few studies to date have examined the roles of the various NPRs in modulating pulmonary vascular permeability. Previous studies showing that the permeability of systemic and PVECs in vitro can be reduced by the administration of cell-permeant analogs of cGMP (10, 35, 43, 46) suggested a role for NPR-A in mediating the inhibitory effect of ANP on lung edema formation. However, most of these studies were done with cells isolated from larger conduit vessels. In a previous study of rat PMVEC, we saw no significant inhibitory effect of 8-bromo-cGMP on thrombin-induced permeability (25) . Conversely, cGMP analogs have been reported to blunt H 2 O 2 -induced permeability in bovine PMVEC (38) , and studies in isolated mouse lungs found that the NPR-A antagonist, antanin, protected against pulmonary edema induced by ischemia-reperfusion (9), suggesting that NPR-A signaling may worsen lung injury in this model. Thus the role of cGMP and NPR-A in mediating the protective effect of ANP on agonistinduced pulmonary endothelial permeability remains unclear.
In the present study, we sought to better understand the role of NPR-A signaling by examining acute lung injury in mice with disrupted expression of the gene for NPR-A. Loss of functional NPR-A signaling was demonstrated in knockout mice by the lack of NPR-A transcript expression in lung and isolated PMVEC, increased cardiac mass characteristic of the NPR-A knockout phenotype (37) , and loss of an increase in intracellular cGMP synthesis in response to ANP. In response to saline alone, we found no difference in lung edema formation, as assessed by lung W/D weight ratio and protein and cell concentration of BAL fluid between mice with two, one, or zero copies of a functional NPR-A gene. However, in response to intravenous administration of the thrombin receptor agonist, TRAP, and intratracheal administration of LPS, lung W/D weight was greater in NPR-A knockout mice than in wild-type or heterozygote mice. LPS-induced increases in BAL cell counts were also greater in mice with disrupted expression of NPR-A.
These findings were similar to previous reports showing that LPS and Staphylococcus aureus induce greater lung injury and edema formation in ANP knockout mice than in wild-type mice (5, 50) . In those studies, pretreatment with ANP attenuated LPS-or staphylococcus-induced lung injury, demonstrating that ANP-deficient mice could be rescued by administration of exogenous ANP. However, the receptor by which ANP confers its protective effects against agonist-induced lung injury was not examined. Initially, our findings demonstrating agonist-induced lung edema was worse in NPR-A-deficient mice suggested that ANP may be signaling via NPR-A. However, several phenotypic differences between NPR-A wild-type and knockout mice may contribute to differences in lung injury. For example, NPR-A is expressed in alveolar epithelial cells, and NPR-A knockout mice could have greater lung W/D weight due to impaired resorption of alveolar fluid rather than increased permeability. Previous studies have shown that NPR-A knockout mice have greater plasma volume and higher pulmonary arterial pressures than wild-type mice (26, 27, 37, 51) . NPR-A knockout mice also lose their ability to increase hematocrit in response to ANP (42) . These differences could affect lung W/D weight ratios because hemoglobin contributes to lung dry weight. Indeed, we found no difference in TRAPinduced pulmonary edema between NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice when lung edema formation was measured using bloodless lung W/D weight. We also found no significant difference in LPS-induced increases in BAL protein concentration between NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice, although BAL cell counts were greater in NPR-AϪ/Ϫ mice. Taken together, it is unclear if disrupted NPR-A expression predisposes to greater lung injury in response to the agents used in this study. However, future studies that examine the role of NPRs in ameliorating acute lung injury will need to consider the effects of these receptors on blood volume and vascular tone.
To further examine the role of NPR-A in mediating the protective effects of ANP on acute lung injury, we administered ANP to mice with intact and disrupted NPR-A signaling during administration of TRAP or LPS. ANP infusion completely abolished TRAP-induced increases in lung W/D weight in NPR-A knockout and wild-type mice. There was also a trend toward ANP inhibition of LPS-induced lung edema in the NPR-A knockout mice. This could have been due to the acute effects of ANP on reduction in plasma volume. However, in light of previous studies demonstrating that the effects of ANP on decreasing plasma volume and intravascular pressure are mediated by NPR-A (17, 42) , it is unlikely that the protective effect of ANP on lung edema formation observed in NPR-A knockout mice in the present study was due to a reduction in hydrostatic forces. This hypothesis was supported by our studies showing that ANP was equally effective at blunting thrombin-induced increases in permeability in PMVEC isolated from NPR-A knockout and wild-type mice in vitro. We also found a significant effect of ANP on reducing BAL protein and cell count in LPS-injured animals. This effect was at least as effective in NPR-AϪ/Ϫ mice as it was in NPR-Aϩ/ϩ mice. Our findings suggest that ANP has an in vivo inhibitory effect on TRAP-and LPS-induced increases in acute lung injury that cannot be explained by effects on hydrostatic forces and is mediated via NPR-A independent pathway.
The ability of ANP to protect against agonist-induced lung injury in the absence of NPR-A strongly suggests that it is acting via NPR-C. Although it is possible that the protective effects of ANP in NPR-A knockout mice could be mediated through NPR-B, this seems unlikely for several reasons: 1) the binding affinity of this receptor for ANP is at least three orders of magnitude less than that for NPR-C (28); 2) the elevation in circulating ANP levels achieved by the dose of ANP used in our experiments was less than twofold above baseline; 3) we found no evidence of increased NPR-B or NPR-C expression in whole lung homogenates and lung microvascular cell cultures obtained from NPR-A knockout mice; and 4) ANP produced no discernible increase in intracellular cGMP levels in PMVEC isolated from NPR-A knockout mice. Furthermore, in earlier studies using rat PMVEC, we found only a mild protective effect of C-type natriuretic peptide, the primary ligand for NPR-B, despite significant increases in intracellular cGMP concentrations (25) .
To further test the hypothesis that the protective effects of ANP in NPR-A knockout mice are mediated by NPR-C, we performed additional experiments with the NPR-C-specific ligand, cANF. Infusion of cANF blocked TRAP-induced increases in lung W/D ratio in NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice and decreased BAL fluid cell count and protein concentration in NPR-Aϩ/ϩ and NPR-AϪ/Ϫ mice with LPS-induced lung injury. The finding that the protective effect of cANF was similar in both NPR-A genotypes suggested that NPR-C played an important role in protecting against agonist-induced lung injury, even in genetically unaltered mice. These findings strongly suggest that NPR-C plays an important role in mediating the protective effects of ANP on agonist-induced lung injury. Findings from our study add to those of an earlier study by Hempel et al. (16) in which cANF attenuated isoproterenolinduced increases in the permeability of rat coronary artery endothelial cells. In that study, cANF also inhibited isoproterenol-induced increases in endothelial cAMP levels. Both effects of cANF were about one-half that of the same molar concentration of ANP and blocked by pertussis toxin, suggesting that they were mediated via a NPR-C-G i -protein-coupled mechanism. Taken together, these findings suggest that ANP can act via NPR-C to blunt agonist-induced endothelial barrier dysfunction and explain the efficacy of ANP in protecting against acute lung injury in NPR-A knockout mice.
The signal transduction pathway by which NPR-C may mediate pulmonary endothelial barrier function is unclear. NPR-C lacks an intracellular guanylate cyclase domain, but several investigators have reported evidence of biological activity, including inhibition of adenylate cyclase and activation of phospholipase C (2, 36) . Previous studies describing a NPR-C/cAMP-mediated pathway for inhibition of vascular smooth muscle proliferation and hypertrophy support the hypothesis that some biological effects of ANP are mediated via NPR-C (15, 30) . Recent studies suggest that the protective effects of ANP on pulmonary vascular permeability may be mediated by the small Rho GTPases, including Rac and its cytoskeletal effector p21 activated kinase (5, 6, 25, 49) . ANP has been shown to be a novel endogenous activator of Rac1 in human microvascular endothelial cells (14) . Activity of the Rho GTPases is mediated by cAMP via exchange protein directly activated by cAMP (18) . Thus it is possible that the effects of ANP on PMVEC permeability are mediated via NPR-C modulation of intracellular cAMP levels.
The role of NPR-C in protecting against pulmonary endothelial barrier dysfunction may be particularly important, considering that it is the most abundant NPR in the lung (24) . Furthermore, pulmonary expression of NPR-C and ANP binding to NPR-C in the lung are markedly decreased during exposure to chronic hypoxia (23, 29) , suggesting that pulmonary NPR-C may be downregulated in hypoxic lung diseases. Thus, a decrease in pulmonary NPR-C expression during the development of acute lung injury could impair the ability of ANP to protect against lung edema formation.
A potential role for ANP in the treatment of human lung injury has not been established. The protective effect of ANP on LPS-induced lung injury in the present study was achieved with an approximate doubling of plasma ANP levels, well within the physiological range of plasma ANP levels and the eightfold increase reported in patients with ARDS (11) . Clinical trials of ANP in patients with acute lung injury are limited. Mikata et al. (34) found a significant increase in arterial PO 2 /fraction of inspired O 2 and thoracic compliance and a decrease in lung injury score and shunt fraction in response to ANP in patients with ARDS, whereas Bindels et al. (4) saw no change in extravascular lung water index or in pulmonary gas exchange. However, in the latter study, the dose of ANP and duration of infusion were considerably smaller than in the former. Further studies are needed to better elucidate the timing of administration and dose of ANP or BNP needed to protect against acute lung injury. In the meantime, the present study suggests that the protective effects of ANP on pulmonary endothelial barrier function are not mediated solely by NPR-A and cGMP-dependent mechanisms. Further studies that examine the role of NPR-C in pulmonary endothelial barrier function may provide novel insights into the pathogenesis and treatment of acute lung injury.
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